Plants possess a cold acclimation system to acquire freezing tolerance through pre-exposure to non-freezing low temperatures. The transcriptional cascade of C-repeat-binding factors (CBFs)/dehydration response element-binding factors (DREBs) is considered a major transcriptional regulatory pathway during cold acclimation. However, little is known regarding the functional significance of mRNA stability regulation in the response of gene expression to cold stress. The actual level of individual mRNAs is determined by a balance between mRNA synthesis and degradation. Therefore, it is important to assess the regulatory steps to increase our understanding of gene regulation. Here, we analyzed temporal changes in mRNA amounts and half-lives in response to cold stress in Arabidopsis cell cultures based on genomewide analysis. In this mRNA decay array method, mRNA halflife measurements and microarray analyses were combined. In addition, temporal changes in the integrated value of transcription rates were estimated from the above two parameters using a mathematical approach. Our results showed that several cold-responsive genes, including Cold-regulated 15a, were relatively destabilized, whereas the mRNA amounts were increased during cold treatment by accelerating the transcription rate to overcome the destabilization. Considering the kinetics of mRNA synthesis and degradation, this apparently contradictory result supports that mRNA destabilization is advantageous for the swift increase in CBF-responsive genes in response to cold stress.
Introduction
Adaptation of plants to environmental changes is important for their growth and development. Plants have developed various strategies to sense and adapt to biotic and abiotic stresses, including ambient temperature changes. Cold acclimation, which is induced by pre-exposure to low, non-freezing temperatures, leads to several metabolic and biochemical changes to acquire freezing tolerance in plants. Extensive investigations of the molecular mechanisms underlying cold acclimation have revealed transcriptional regulation by C-repeat-binding factors (CBFs)/dehydration response element-binding factors (DREBs) as a major regulatory system (Yamaguchi-Shinozaki and Shinozaki 2006 , Zhu et al. 2007 , Thomashow 2010 . CBFs/ DREBs are cold-inducible transcriptional activators that interact with a specific cis-element in the promoter of various coldresponsive genes. The importance of controlling the mRNA levels of cold-responsive genes has been shown by reverse genetic analyses of components in the CBF transcriptional cascade (Fowler and Thomashow 2002 , Maruyama et al. 2004 , Vogel et al. 2005 , Park et al. 2015 , Zhao et al. 2015 . Considering that the actual mRNA level is determined by the balance between mRNA synthesis and degradation, it is important to explore the regulation of mRNA stability as well as transcription to understand the control of the amount of mRNA in response to cold stress. However, studies that have focused on regulation of the mRNA stability in response to cold stress are limited (Chiba et al. 2013 , Zhang et al. 2013 . Global profiling of uncapped mRNAs via parallel analysis of RNA ends was performed to detect multiple types of degradation intermediates in response to cold stress in the monocotyledonous model plant Brachypodium distachyon. The majority of the intermediates were generated through the decapping pathway responsible for mRNA degradation. In addition, endonucleolytic cleavage products, including microRNA targets, have been identified (Zhang et al. 2013) . These results were suggestive of a role for mRNA degradation control in the cold stress response.
The half-life of mRNA can be measured by monitoring the amount of mRNA remaining after inhibition of transcription. As a direct approach, we previously developed a method to analyze the half-life of mRNA on a global-scale, known as the mRNA decay array (Chiba et al. 2013) . This analysis has an advantage in that changes in two parameters, namely the mRNA amount and half-life, are determined simultaneously. The mRNA decay array using Arabidopsis cells before and 24 h after cold treatment revealed that the majority of mRNAs elongate their half-lives at low temperatures, which can be accounted for by a general decrease in enzymatic activity toward mRNA degradation. Taking this 'general shift' into account, we identified thousands of relatively stabilized and destabilized transcripts with longer and shorter half-lives, respectively, than those expected from the general shift (EGS). Functional classification analysis showed that stress responseand hormonal response-related transcripts are enriched in the relatively destabilized class. Thus, we identified active changes in mRNA stability in response to cold stress. However, it is difficult to determine the functional significance of these stability changes using the mRNA decay array at a single time point of 24 h after cold treatment (Chiba et al. 2013) , because the majority of transcripts in Arabidopsis have not reached the steady-state condition by 24 h (Oono et al. 2006) .
In the present study, we performed the mRNA decay array on a larger scale to detect temporal changes in mRNA amount and stability after cold treatment. The objective of this study is to demonstrate the fundamental response of mRNA stability to cold stress by using Arabidopsis T87 cells (Axelos et al. 1992) , which is widely accepted as a versatile model system without complex developmental changes and organ communications. The present study showed that CBF-responsive genes could be classified into two groups based on changes in mRNA stability in response to cold stress: those relatively destabilized vs. those showing no obvious changes in mRNA stability during cold treatment. Furthermore, by applying a mathematical approach to estimate changes in transcription rates, we explored the associations between transcriptional and mRNA stability regulations.
Results
Temporal changes in mRNA level and stability in response to cold stress To understand temporal changes in mRNA levels and stability in response to cold stress, we performed an mRNA decay array using Arabidopsis T87 cells under control conditions (22 C) and 12, 24, and 36 h after the start of cold treatment at 4 C. The mRNA decay rate was measured by monitoring the decrease in mRNA over time after applying cordycepin, a transcriptional inhibitor (Fig. 1) . Cordycepin effectively inhibited transcription in cells both before and after cold treatment. To achieve similar levels of transcriptional inhibition, a higher concentration of cordycepin was used for cold-treated cells ( Supplementary Fig. S1 ). Since longer mRNA half-lives are expected under cold conditions due to general stabilization, the time period for mRNA half-life measurements was extended in cold-treated cells. Total RNA was extracted at each time point with three biological replicates. RNA samples are often pooled in microarray analysis to reduce the effects of biological variation by averaging. Although statistical analysis cannot be applied to individual mRNA accumulation levels, determination of the expression levels in most genes is not adversely affected by pooling, as discussed in Kendziorski et al. (2005) . Also, this strategy is beneficial to minimize subject-to-subject variations of microarray, making it easier to find the specific features of gene populations (Kendziorski et al. 2005) . Thus, in this study, the three biological replicate RNA samples at each time point were pooled before being used for microarray analysis. The mRNA half-lives showed a bell-shaped distribution in both control and cold-treated cells after log 2 conversion. The mean mRNA half-lives in the control cells was 1.3 h, and those in the 12, 24 and 36 h cold-treated cells were 19.6, 24.1 and 26.0 h, respectively (Fig. 2, left) . The distribution of mRNA halflives in control cells and 24 h cold-treated cells supported our previous data, in which the mean half-lives were 1.8 h in control cells and 22.7 h in 24 h cold-treated cells (Chiba et al. 2013) . As expected, general stabilization was observed to a similar extent at all time points during cold treatment. The bell-shaped distribution was also observed among the mRNA amounts of individual transcripts after log 2 conversion. In contrast to the mRNA half-lives, the mean mRNA amounts before and after cold treatment were almost unchanged (Fig. 2, right) . Considering that no obvious differences were observed in the total RNA levels extracted from cells ( Supplementary Fig. S2A ) and total poly(A) RNA levels ( Supplementary Fig. S2B ) before C. For cold treatment, the cells were exposed to 4 C for 12, 24 and 36 h. For mRNA half-life measurements, the transcriptional inhibitor, cordycepin, was applied to the cell cultures and total RNA was isolated at several time points as indicated for microarray analysis. mRNA half-lives were calculated from the changes in mRNA levels following transcription arrest. mRNA amounts were determined by the value just before the addition of cordycepin. and after cold treatment, the effect of general stabilization is probably offset by the general decrease in transcription rate during cold treatment.
Clustering of transcripts based on time-course profiles of mRNA levels and stability Time-course profiles of mRNA amount and mRNA half-life were normalized to the values before cold treatment and then log 2 converted to compare these two parameters (Supplementary Table  S1 ). We focused on transcripts that showed a >2-fold difference from the general shift in mRNA amount and/or mRNA half-life. The log 2 -converted changes in mRNA amount and half-lives were used for clustering analyses using the simple batch-learning selforganizing map (BL-SOM) method (Kanaya et al. 2001) . The analyzed transcripts were divided into 15 clusters (Fig. 3) . Averaged transcripts in Clusters 00, 01, 02, 40 and 42 showed a >2-fold differences (i.e. >1 or <-1 in log 2 -converted values) from the general shift in mRNA amount and/or mRNA half-life for at least one time point during cold treatment. Among them, averaged transcripts in Cluster 02 showed >2-fold differences in both mRNA amount and half-life at 24 h after cold treatment, whereas no obvious difference was observed in transcripts in Cluster 21.
We verified mRNA decay array data using conventional quantitative reverse transcription-PCR (qRT-PCR) with 27 randomly selected transcripts in Clusters 00, 02, 21, 40 and 42 (data of 15 transcripts are shown in Supplementary Fig. S3 ). The average Pearson's correlation coefficient between the mRNA decay array and qRT-PCR results for the log 2 ratios of mRNA amounts after cold treatment to before was 0.82 and that of mRNA half-lives was 0.94, supporting the reliability of the mRNA decay array.
Classification by Gene Ontology terms of the transcripts in the clusters
To characterize transcripts in each cluster, we performed Gene Ontology (GO)-based enrichment analysis (Berardini et al. 2004) . Transcripts in Clusters 02, 40, 41 and 42 were associated with several significantly enriched GO terms ( Fig. 4 ; Supplementary Table S2 ). Averaged transcripts in Cluster 02 and Cluster 40 showed >2-fold differences from the general shift in mRNA amount for at least one time point. The levels of averaged transcripts in Cluster 02 showed large increases, whereas these transcripts were relatively destabilized during cold treatment (Fig. 3) . The GO terms significantly over-represented in this cluster included 'regulation of transcription' and a number of GO terms related to the responses to various biotic and abiotic stresses (Fig. 4A) . Averaged transcripts in Cluster 40 showed decreased levels during cold treatment, whereas no >2-fold change in mRNA stability at any time point was observed compared with the general shift (Fig. 3) . Transcripts in this cluster were significantly over-represented in a number of GO terms related to cell cycle, such as 'DNA endoreduplication', 'regulation of cell cycle', 'regulation of cell proliferation' and 'regulation of DNA replication' (Fig. 4B ).
Conserved sequence motif in relatively stabilized transcripts in Cluster 42
Several cis-acting elements involved in the determination of mRNA stability have been identified mostly in the 5 0 -or 3 0 -untranslated regions (UTRs) of various transcripts (Newman et al. 1993, Chen and Shyu 1995) . To identify putative cisacting elements, we searched for conserved sequence motifs in the 5 0 -and 3 0 -UTRs of transcripts in Clusters 00, 01, 02, 40 and 42 by MEME (Bailey et al. 2009 ). Average transcripts in Clusters 00, 01 and 02 showed relative destabilization and those in Clusters 40 and 42 showed stabilization at least at one time point during cold treatment (Fig. 3) . A UAGGGUU U motif was identified in the 5 0 -UTR of transcripts in Cluster 42 ( Fig. 5 ; Supplementary Table S11 ). In addition, several Tables   S3-S13 ). Despite the significant enrichment, these sequences were not limited to the destabilized or stabilized clusters. Therefore, we considered that these motifs are not specific elements for regulation of mRNA stability. 
Enrichment of CBF-responsive genes in Cluster 02 and Cluster 12
CBFs/DREBs are cold-inducible transcription factors that interact with a specific cis-element in the promoter of CBF-responsive genes. Transcriptional activation of CBF-responsive genes during cold treatment is critical for acquiring cold stress tolerance in plants (Jaglo-Ottosen et al. 1998 , Hsieh et al. 2002 , Ito et al. 2006 . To explore temporal changes in the mRNA amount and stability of CBF-responsive genes, we performed enrichment analysis of the 15 clusters. CBF-responsive genes were obtained from the public transcriptome database, as described previously in Chiba et al. (2013) . A total of 32 CBF-responsive genes were identified among the transcripts analyzed using the mRNA decay array in this study. The CBF-responsive genes were significantly enriched in Clusters 02 and 12 (q < 0.05; Table 1 ): 16 in Cluster 02 and six in Cluster 12 (Table 1) . Among them, nine out of 16 CBF-responsive genes in Cluster 02 ($60%) showed >2-fold destabilization at least at one time point, whereas only one out of six CBF-responsive genes in Cluster 12 ($17%) did so. Also, when we counted the number of CBF-responsive genes which showed destabilization at more than two time points during cold treatment, 12 genes ($75%) were found in Cluster 02 while none was found in Cluster 12 (Fig. 6) . Thus, CBF-responsive genes in Cluster 02 have a tendency to be relatively destabilized, whereas those in Cluster 12 do not. In addition, greater induction of the mRNA amount in most of the CBF-responsive genes in Cluster 02 was observed compared with those in Cluster 12, suggesting that destabilization contributes to achieving a dynamic increase at least in some of the CBF-responsive genes in Cluster 02.
Kinetics of mRNA synthesis and degradation of CBF-responsive genes
Actual levels of mRNA are determined by the balance between mRNA synthesis and degradation. Transcription can be 0 -UTRs of Cluster 42 transcripts using MEME (E-value = 3.9E-06). (B) Gene ID, the strand in which the motif was identified, and representative gene symbol and annotation of the 34 genes that contains the motif. Details of the genes and the motif sites are presented in Supplementary Table S11. measured by monitoring the incorporation of a non-toxic ribonucleoside analog, such as 4-thiouridine (Melvin et al. 1978) . Although this method has been used in various eukaryotic systems (Miller et al. 2011 , Rabani et al. 2011 , Schwanhausser et al. 2011 ), this approach is technically difficult in cold-treated cells, because the transcription rate is expected to be much slower under cold conditions at 4 C than under control conditions, as is the case for mRNA degradation. The general shift in mRNA half-life during cold treatment was approximately 20-fold, while the mRNA amount was almost unchanged. Hence, the general transcription rate is expected to be approximately 20-fold less than that of the control condition. Furthermore, changes in plasma membrane proteins and lipid composition occur in cold-treated cells (Uemura et al. 2006) . Therefore, we suspected that efficiency of incorporation of ribonucleoside analogs may be too low to be used in monitoring the transcription rate under cold conditions. Consequently, we employed a mathematical approach to estimate temporal changes in the transcription rate to understand the functional relevance of destabilization in CBF-responsive genes, in which the mRNA levels were dynamically up-regulated, despite destabilization, in response to cold.
We selected five transcripts from Cluster 02 for further analyses that showed typical changes in mRNA amount and half-life, in that the mRNA amount was increased during cold treatment, whereas the mRNA half-life was decreased compared with the general shift, indicative of relative destabilization (Fig. 7) . Three of them, Cold-regulated 15a (Cor15a: At2g42540), Early response to dehydration 10 (ERD10: AT1G20450) and Plant invertase pectin methylesterase inhibitor (PMEI: AT5G62350), are selected as the direct targets of CBF3 (Maruyama et al. 2004) . Among them, Cor15a is the most well-known target of CBF3, which encodes a chloroplast-localized protein.
Constitutive expression of Cor15a enhances freezing tolerance in chloroplasts in vivo and in protoplasts, possibly through increased cryostability of cellular membranes (Artus et al. 1996 , Steponkus et al. 1998 , Thalhammer et al. 2014 . We also analyzed rad29A and AtGols3 as direct targets of CBF3, as well as the CBF3 gene itself. However, for these three genes, the expression levels before cold treatment were too low to measure their mRNA half-lives.
The remaining two genes are Calcineurin B-like (CBL) proteininteracting serine/threonine-protein kinase 25 (CIPK25: At5g25110) and MYB domain protein 32 (AtMYB32: At4g34990). Arabidopsis has 26 CIPK members (Kolukisaoglu et al. 2004) , some of which function as a calcium sensor together with specific CBLs in signaling pathways in response to various abiotic stresses (Manik et al. 2015) . AtMYB32 is a member of the R2R3 MYB gene family encoding functionally diverse transcription factors (Ambawat et al. 2013) . Various transcriptomic analyses, including our data, showed strong induction of CIPK25 and AtMYB32 expression by cold stress (Kilian et al. 2007 , Barah et al. 2013 , Chiba et al. 2013 ); however, their actual functions in the cold stress response remain unclear.
We calculated the integrated transcription rate (K), which represents the sum of transcripts that are newly synthesized by a specific time (T) after the start of cold treatment. The K value is calculated from two experimentally determined parameters, the mRNA amount (A) (Fig. 7A) and mRNA decay rate [; = ln(2)/t; for detailed calculations, see Equation 3 in the Materials and Methods] (Fig. 7B) . To visualize the interplay between transcriptional activation and destabilization in response to cold stress, we compared the K values over the time course with the hypothetical K, which was calculated by assuming that the mRNA decay rate () follows the general shift, and that the mRNA amount (A) follows the observed value. Therefore, the hypothetical K represents the level of transcription required to support the actual changes in mRNA level when mRNA was only passively stabilized at low temperatures. For any of the five transcripts in Cluster 02, most of the K values were significantly enhanced compared with the hypothetical K (Fig. 7C) , suggesting that greater transcriptional activation, compared with that under the hypothetical condition, was required to overcome mRNA destabilization and increase mRNA amounts under cold conditions.
Discussion
Plants effectively regulate gene expression to adjust for changes in ambient temperature. Most studies on the regulation of gene expression in response to cold stress have focused on transcription, although the mRNA amount is determined by the balance between mRNA synthesis and degradation. To explore the physiological significance of mRNA stability regulation, we used the mRNA decay array to explore temporal changes in mRNA amount and stability during cold treatment. Our results showed that mean whole-mRNA half-lives became longer during cold treatment without appreciable changes in the mean mRNA amount, suggesting that mRNA degradation as well as transcriptional activities are passively decreased under cold conditions. Determination of temporal changes in mRNA amount and stability of individual transcripts allows us to perform deeper clustering analysis of transcripts based on these two parameters, which capture changes in not only mRNA degradation but also mRNA accumulation levels individually. Transcripts in Cluster 02 showed a large increase in mRNA amount; however, these transcripts were relatively destabilized (Fig. 3) . Interestingly, GO term-based enrichment analysis revealed that the transcripts in Cluster 02 were significantly over-represented in various stress response-related functions, including the cold stress response (Fig. 4A) . Based on the simple kinetics of mRNA turnover, assuming that the rates of mRNA synthesis and degradation are constant, regulation of mRNA stability influences both the level of mRNA and speed of transition to a new mRNA level. Accumulation levels of mRNA are determined by two parameters; the rates of mRNA synthesis and degradation, whereas time required for the transition of mRNA level to a new steady state is solely attributed to the rate of mRNA degradation (for details, see 'Kinetics of mRNA synthesis and degradation' in the Materials and Methods) (Perez-Ortin et al. 2007 ). However, rates of mRNA synthesis and degradation alter during the time course of cold treatment as shown in this study. Thus, we simulated the pattern of transient up-regulation of mRNA levels using various mRNA degradation rates ( Supplementary Fig. S5 ). The simulation model showed that faster mRNA turnover under the same transcription rate caused not only a decrease in the level of mRNA, but also a more rapid peak in the amount of mRNA (Supplementary Fig.  S5A ). Moreover, the simulation model, in which mRNA halflives were shortened and transcription rates were increased to compensate the decrease in the mRNA level, clearly showed that destabilization shifts the peak of mRNA accumulation to an earlier time point (Supplementary Fig. S5B ). Thus, destabilization is advantageous to achieve a rapid response to stress conditions in terms of mRNA levels, even when the rates of mRNA synthesis and degradation are variable. Therefore, transcripts in Cluster 02 are likely to maintain a high rate of mRNA turnover to achieve a rapid up-regulation in response to temperature changes. Specific mRNA targets for stabilization or destabilization are determined by the cis-acting elements in their sequences. The well-studied example is the AU-rich element identified in the 3 0 -UTR of mRNAs of various transcripts encoding proto-oncogenes, transcription factors and cytokines in mammals (Chen and Shyu 1995) . The AU-rich element is functional as a destabilizer in other systems including plants . Search for the conserved sequence among relatively stabilized transcripts in Cluster 42 detected a UAGGGUUU motif in the 5 0 -UTR ( Fig. 5; Supplementary Table S11 ). This motif was originally identified as a telobox, which is a transcription factorbinding site around transcription start sites (Bilaud et al. 1996, Molina and Grotewold 2005) . However, this motif was also identified as an enriched motif in the 5 0 -UTR of translationally repressed ribosomal protein and translation factor mRNAs in response to transient dark treatment, suggesting a possible involvement in the post-transcriptional regulation (Bailey-Serres and Juntawong 2012) . In contrast, no specifically conserved motif was identified from the clusters including destabilized transcripts ( Supplementary Fig. S4 ). Recent global analysis of RNA secondary structures provided insights into the roles of the RNA structure in the regulation of gene expression, including transcript stability (Ding et al. 2014 , Kwok et al. 2015 . Temperature could be one of the triggers of RNA secondary structure modification. Therefore, other than conventional ciselements, the specificity of target mRNA might be determined by the secondary structures of mRNAs under cold conditions. Low temperatures generally inhibit plant growth and development, which is a critical cause of limited crop productivity. An association between a decrease in the cell cycle rate and stress-induced growth retardation has been suggested in some species (Schuppler et al. 1998 , Burssens et al. 2000 , Granier et al. 2000 , Rymen et al. 2007 ). In maize, exposure to low night temperatures causes specific changes in the expression of cell cyclerelated genes. This alteration leads to a prolonged cell cycle duration, resulting in decreased cell proliferation (Rymen et al. 2007 ). In the present study, we used Arabidopsis T87 cells 7 d after subculturing, at which time the control cells were about to begin growing, whereas cells under cold conditions showed almost no growth for several additional days ( Supplementary Fig. S6 ), which is suggestive of a possible retardation in the cell cycle under cold conditions. Consistent with this hypothesis, cell cycle-related genes were over-represented among the transcripts in Cluster 40, which showed a decreased mRNA amount without appreciable changes in mRNA stability. These transcripts included core components of the cell cycle, such as several family members of A-type and B-type cyclins ( Fig. 4B; Supplementary Table S2 ). Our results indicated that down-regulation of these cell cycle-related transcripts in response to cold stress occurred not at the level of mRNA stability, but at the transcription level.
The CBF-mediated network of transcriptional regulation plays a pivotal role in cold acclimation in diverse plant species (Sanghera et al. 2011 , Tondelli et al. 2011 . In Arabidopsis, the upstream transcription factor, inducer of CBF expression 1 (ICE1), activates the expression of CBF3 by directly binding to the promoter in response to cold stress. Transcriptomic analysis using the dominant ice1 mutant revealed that approximately 40% of cold-responsive genes are under the control of the CBF regulon (Lee et al. 2005) . The expression of CBF-responsive genes is up-regulated in response to cold stress. Thus, it is intuitive that up-regulation of mRNA in response to a stimulus is achieved either by increasing the transcription rate or by decreasing the mRNA degradation rate (or some combination); however, our results showed that plants exert a more complex interplay between mRNA synthesis and degradation. In our BL-SOM analysis, CBF-responsive genes were significantly enriched in two clusters; Cluster 02 and Cluster 12. Most of the CBF-responsive genes in Cluster 02 showed relative destabilization, whereas only one gene in Cluster 12 was relatively destabilized. Although CBF-responsive genes in both clusters were increased in the amount of mRNA during cold treatment, greater induction of mRNA tends to be observed in CBF-responsive genes in Cluster 02 compared with those in Cluster 12 (Fig. 6) . Moreover, a comparison between the experimental and hypothetical values of the integrated transcription rate showed that transcriptional activation was enhanced to overcome mRNA destabilization in five of the CBF-responsive genes, including direct targets of CBF3, in Cluster 02 (Fig. 7) . This strategy is consistent with our simulation, in which increases in both mRNA synthesis and degradation act to reconcile the greater increase in mRNA amount with a rapid response ( Supplementary Fig. S5 ).
In conclusion, we demonstrated that a variety of stress response-related transcripts, including some of the CBF-responsive genes, were relatively up-regulated and concurrently destabilized in response to cold stress. Our mathematical approach demonstrated that greater transcriptional induction compensates for the decrease in transcript levels via destabilization. The opposing changes in transcription and mRNA degradation observed in this study are suggestive of an association between regulation of transcription and regulation of mRNA stability.
Materials and Methods

Growth conditions of Arabidopsis T87 cell culture
Arabidopsis T87 suspension cells derived from the Columbia ecotype were grown in JPL media (Axelos et al. 1992) ) with orbital shaking (120 r.p.m.). Cells were transferred to fresh medium every 2 weeks at an approximately 20-fold dilution. Seven days after subculturing, cells were divided into two groups. Control cells were grown under the same condition, while cells for cold treatment were transferred to 4 C under dim light (40 mmol m -2 s -1 ) and cultured for 12, 24 and 36 h.
Cordycepin treatment and verification of transcription repression
Cordycepin (3 0 -deoxyadenosine) is a chain-terminating adenosine analog. Cordycepin was added to control and cold-treated cells to inhibit transcription. Control cells were collected prior to (0 h) and 0.5, 2 and 4 h after cordycepin treatment. Cold-treated cells were incubated with cordycepin for 4, 8 and 12 h, because longer mRNA half-lives were expected in cold-treated cells (Chiba et al. 2013 ). In any experiments using a transcriptional inhibitor, we have to consider the possible secondary effect on some specific cellular functions at later time points. However, 24 h treatment is accepted at the longest to measure the decay rate of transcripts based on the RNA quality and cell viability after the treatment (Narsai et al. 2007 ).
The concentration of cordycepin was determined by verifying the efficiency of transcriptional repression based on the [ 3 H]uridine incorporation test, as described previously in Chiba et al. (2013) . To achieve >95% inhibition, 200 and 400 mg ml -1 cordycepin was added to control and cold-treated cells, respectively ( Supplementary Fig. S1 ).
mRNA decay array and mRNA half-life calculation Total RNA was extracted from cells using the RNeasy Plant Mini kit, and three biological replicate RNA samples for each time point were pooled for microarray analysis. Biotin-labeled cRNA was prepared from equal amounts of total RNA using the GeneChip 3 0 IVT Express kit and hybridized to Affymetrix GeneChip Arabidopsis ATH1 genomic arrays (Affymetrix). Data processing was conducted as described previously in Chiba et al. (2013) . After removing absent calls (P-value > 0.06 for the 0 h data point), ambiguous calls, possible cross-hybridizations and probes derived from organelle genomes, a total of 12,669 transcripts were used for subsequent analyses.
The decay rate () and its SE (SE) for each transcript were estimated by non-linear regression using the least-squares method (n = 9-12) as described previously in Chiba et al. (2013) . The decay rate of individual transcripts in control cells was estimated after omitting the 0.5 h time point if a smaller SE was obtained. The mRNA half-life (t) was then calculated by the equation t = ln(2)/. The level of mRNA (A) of each transcript was obtained based on the value prior to cordycepin treatment. To evaluate the quality of data fitting to the exponential model, the residual SD for fitting (SDr) was calculated. Microarray data with either SDr/A 0 ! 0.2, SE/ ! 1 or 0 were eliminated from further analyses, resulting in a final microarray data set of 4,838 transcripts.
The value expected from the general shift of mRNA amount (A EGS ) and that of mRNA half-life (t EGS ) for each transcript were calculated based on the ratios of mean whole-mRNA amounts and half-lives before cold treatment to after, respectively.
Detection of total mRNA levels
Total mRNA was measured by dot-blot hybridization with an oligo(dT) probe, as described previously (Harley 1987) , with minor modifications. Briefly, 1 mg of total RNA denatured at 65 C for 15 min in 66% deionized formamide, 7.8% formaldehyde, 26 mM MOPS (pH 7.0), 2.6 mM sodium acetate and 1.3 mM EDTA (pH 8.0) was spotted on a nylon membrane filter (Hybond-N+, GE Healthcare) and UV-cross-linked at 1.2 kJ m C overnight with the labeled oligo(dT) 15 and 18S rRNA probes in the PerfectHyb (Toyobo) and then washed twice in 2 Â SSC and 0.1% SDS at room temperature for 5 min. Hybridization signals were detected using BAS1800 and quantified using MultiGauge software (Fuji Photo Film). To determine the total amount of mRNA, the hybridization signals using the oligo(dT) 15 probe were normalized to those using the 18S rRNA probe.
Clustering procedures and classification analysis mRNA levels and half-lives were normalized to the respective values in control cells. The normalized values were log 2 -transformed and standardized for BL-SOM analysis. The Simple BL-SOM method developed by Kanaya et al. (2001) was used for clustering. The number of lattice points of the SOM in the first axis was set to five, after which all analyzed transcripts were mapped and classified into 15 clusters.
Enrichment analysis based on GO terms for each cluster was performed using Fisher's exact test in the topGO package (v. 2.20.0) (Alexa et al. 2006) . The 'weight01' algorithm was used to eliminate hierarchical dependency of the GO terms. Annotated GO terms for each transcript were retrieved from TAIR version 10 (Berardini et al. 2015) using org.At.tair.db (v. 3.1.2) in Bioconductor (Huber et al. 2015) .
Discovery of the motifs within the cluster by MEME
To discover the sequence motif(s) within each cluster, we used MEME version 4.10.2 (Bailey et al. 2015) . The 5 0 -and 3 0 -UTR sequences were downloaded from the Arabidopsis Information Resource release 10 (Berardini et al. 2015) , and were used for the generation of background files. The parameters of MEME were specified as minimum width = 6, maximum width = 10 and the maximum number of motifs = 10. The DUST option with the default parameter was applied for masking the low-complexity regions. ZOOPS model was assumed for the analysis.
qRT-PCR analysis
Total RNA was converted to cDNA, followed by DNase I treatment using SuperScript II according to the manufacturer's protocol (Invitrogen). qRT-PCR was performed using SYBR premix ExTaq (TAKARA) under the conditions specified in the Mx3005P instrument protocol (Stratagene). The primers used in this study are listed in Supplementary Table S14 .
Kinetics of mRNA synthesis and degradation
The simple kinetics of mRNA turnover assumes zero-order mRNA production and first-order mRNA degradation, as shown in Equation 1. When the transcription rate (k) and mRNA decay rate () are constant, the amount of mRNA (A) follows Equation 2, in which A 0 represents the initial level of mRNA:
Thus, the new mRNA steady-state level is determined by both the transcription rate (k) and decay rate (), whereas the response time is determined solely based on the decay rate () (Perez-Ortin et al. 2007 ). To understand the kinetics of mRNA synthesis and degradation, when the transcription rate (k) and decay rate () alter over time, we estimated the integrated transcription rate (K) from the experimentally determined mRNA amount (A) and mRNA decay rate () following Equation 3:
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